We propose the first comprehensive in-depth study monitoring horses in the Czech Republic. We scanned 9,289 animals from 44 populations for 17 equine STRs. Other equids analysed involved Equus przewalskii and Equus asinus. The total of 228 different alleles were detected, with the mean number of 13.4 per locus. The highest allelic richness (AR) was found in the Welsh Part Bred (6.01), followed by the Camargue (5.93) and Czech Sport Pony (5.91), whereas the Friesian exhibited the lowest AR (3.06). Interpopulation differences explained approximately nine per cent of the total genetic diversity. Reynold's genetic distance ranged from 0.003 between the Czech Warmblood and the Slovak Warmblood to 0.404 between the Friesian and donkeys. Close genetic proximity between the Silesian Noriker and Noriker was revealed. The Moravian Warmblood was better differentiated and more distant from the Czech Warmblood than the Kinsky Horse and retained the original genes of the old Austro-Hungarian tribes. A high gene flow level and a lack of genetic structure were found in the seven studied populations. Despite the historical bottlenecks and previous inbreeding, the Czech-Moravian Belgian Horse, Hucul, Old Kladruber Horse and Silesian Noriker did not suffer a serious loss of genetic diversity due to genetic drift/low effective population size. A NeighborNet dendrogram revealed breeds not classified in their groups according to the nomenclature (the Friesian, Hafling and Merens).
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| BACKGROUND
The Czech Republic ranks among traditional horse breeding countries. The pressure of the market and globalization has led to the gradual substitution of the original breeds and populations with new, high input/high output breeds, thus endangering the existence of the truly local breeds. The autochthonous breeds of domestic horses embody important genetic resources and are managed via conservation programmes. Within the discussed region, Breeding Act No. 240/1991 declared, for the first time, support to preserving gene pools and forming gene reserves in lownumbered and endangered original breeds. The central purpose of the genetic resource protection within the national programme consists in maintaining the necessary non-kinship and the maximum gene diversity possible. The initial National Programme on the Conservation and Utilisation of Farm Animal Genetic Resources was established (1995) , favoured and funded by the state. The programme was upgraded every 5 years, most recently in 2017. It is open to all breeders, and the membership means an agreement between a programme participant and the state. The breed's existence. The Czech Sport Pony is a newcomer, recognized by the Ministry of Agriculture in 2000. The ancestors of the Czech Sport Pony are different types of ponies raised on Czech farms; such ponies obviously include the Welsh and Shetland ones, but Hucul and Fjord horses are also present, together with minor volumes of Arabian horses and the Czech Warmblood (http://www.aschk.cz).
Because of their high variability and abundance, codominant inheritance, easy analysability, and simple scorability, microsatellites constitute versatile and informative genetic markers to function as one of the fundamental tools in population and conservation genetics, facilitating an unprecedented understanding of the genetic diversity present in horse populations (Aberle, Hamann, Dr€ ogem€ uller, & Distl, 2004; Bigi & Perrotta, 2012; Georgescu, Manea, & Costache, 2008; Janova et al., 2013; Janssens et al., 2010; Kusza et al., 2013; Leroy et al., 2009; Lu ıs, Juras, Oom, & Cothran, 2007; Mackowski, Mucha, Cholewinski, & Cieslak, 2015; Marletta et al., 2006; Van de Goor, van Haeringen, & Lenstra, 2011) . A comprehensive in-depth analysis of a large number of breeds with STRs and/or high-density SNP panels may give a more complete view of the diversity patterns in horse breeds around the world.
The investigation outlined herein is the first research applying a collection of large-scale population data of molecular markers to characterize the horse breeds in the Czech Republic, with a special focus on the Czech autochthonous breeds including genetic resources. In this study, a data set of 9,289 animals from 44 populations was genotyped for 17 equine STRs and used to (i) establish the levels of the inter-and intrabreed genetic variations; (ii) calculate the parentage parameters; and (iii) characterize the distance-based phylogenetic relationships between the breeds, revealing the clusters with a common genetic origin.
| METHODS

| Population samples and DNA isolation
This study exploited 9,289 samples collected between January 2004 and December 2014; the specimens included the hair root samples, blood samples and semen straws of 44 populations. Unrelated individuals from various locations, studs and horse stables in the Czech Republic were examined according to the following description: Warmblood horses of Eastern/Oriental origin, cold-blooded horses of Western origin and pony breeds. An overview of the populations used in the investigation is shown in ; PE1, probability of exclusion (both parents known); PE2, probability of exclusion (only one parent is known); PE3, probability of exclusion (both parents known, exclude two putative parents); PIC, polymorphic information content; HW P ID , Hardy-Weinberg probability of identity; sib P ID , sibling probability of identity; F IS , population inbreeding coefficient. 
| Genotype determination
The following 17 microsatellite loci were analysed: AHT4, AHT5, ASB2, ASB17, ASB23, CA425, HMS1, HMS2, HMS3, HMS6, HMS7, HTG4, HTG6, HTG7, HTG10, LEX3 and VHL20. The co-amplification of the 17 microsatellites was performed in a multiplex PCR using the commercially available StockMarks â for Horses 17-Plex Genotyping Kit (Applied Biosystems, Foster City, CA, USA) and the Equine Genotypes TM Panel 1.1 (Finnzymes Diagnostics, Espoo, Finland; Thermo Fisher Scientific Inc., Waltham, USA) according to the manufacturers' instructions. The PCRs were carried out in a GeneAmp â PCR System 9700 or a Veriti â Thermal cyclers (Applied Biosystems). Each 1 ll of the PCR product and 0.5 ll of an internal-lane size standard were loaded in 11.5 ll of Hi-Di TM Formamide (Life Technologies, Carlsbad, CA, USA). The samples were then denatured at 95°C for 5 min and cooled down for another 5 min. The genotype scoring was performed on an ABI PRISM 310 TM Genetic Analyzer (Applied Biosystems) with five-colour detection by fluorescent fragment analysis and detected using dedicated software packages, namely, the 310 Data Collection software 3.1.0, GeneScan 3.7 NT, Genotyper 3.7 NT and GeneMapper 4.0. The allele size was determined in a bp by comparing the length with a GeneScan TM 500 LIZ Goudet, 2001 ) was exploited to estimate the F-statistics (Weir & Cockerham, 1984) , the genotypic disequilibrium between pairs of loci and the statistical significance of the F IS and F ST values. The allelic richness (AR), generally a measure of the number of alleles per locus, was standardized to the smallest sample size in our data set, using the rarefaction algorithm implemented in the same program. The Cervus 3.0.7 software (Kalinowski, Taper, & Marshall, 2007 ) was used to calculate the values for the probability of exclusion (PE) of wrongly assigned parentage across the loci-one parent exclusion (PE1), a missing parent (PE2) and both parents' exclusion (PE3). The combined probabilities of exclusion (CPEs) for the whole set were computed according to Jamieson and Taylor (1997) , via algorithms programmed with the macro language of Visual Basic for Application and implemented in Microsoft Excel. The combined exclusion probabilities were calculated for not only the overall loci but also smaller marker sets to verify if a satisfactory level of identification could be achieved with fewer than 17 STRs. Moreover, calculations were performed in each warm-blooded and cold-blooded item and in ponies separately. The probability of two individuals within a population sharing the same genotype is referred to as the probability of identity (PI). GeneCap version 1.2.2 (Wilberg & Dreher, 2004) Weinberg equilibrium, and (ii) assuming that both individuals are siblings. Because the Hardy-Weinberg probability of identity (HW P ID ) can be biased, the sibling PI (sib P ID ) was used as an alternative and more conservative measure of the PI (Waits, Luikart, & Taberlet, 2001) . In reality, the true PI is likely somewhere between the HW P ID and sib P ID .
Reynold's genetic distances were calculated via PowerMarker 3.25 (Liu & Muse, 2005) and visualized by a NeighborNet dendrogram and neighbour-joining tree via SplitsTree 4.13.1 (Huson & Bryant, 2006) . Finally, the genetic structure of the Czech autochthonous breeds was assessed using Bayesian clustering methods in the STRUC-TURE 2.3.4 program (Pritchard, Stephens, & Donnelly, 2000 ). An admixture model and a correlated allele frequency model with default parameters were used. The data set was randomly reduced to 100 or fewer animals per population. To estimate the number of clusters (K), ten independent runs were performed for a K between 2 and 9, with the burn-in period of 50,000 steps; the procedure was followed by 150,000 MCMC iterations. We calculated the DK using the STRUCTURE HARVESTER v0.6.94 application (Earl & von Holdt, 2012) . Then, CLUMPP version 1.1.2 (Jakobsson & Rosenberg, 2007 ) was utilized to maximize the measure of similarity in the Q-matrices of the ten replicates. The individual Q-matrices were visualized in DISTRUCT (Rosenberg, 2004) .
| RESULTS
| Genetic variations
In total, 228 different alleles were detected on the loci in all the populations, with the average mean number of 13.4 alleles per locus. The equine microsatellites were all wellamplified, with the exception of locus ASB2, which failed to amplify in the DON population. All the amplified loci were polymorphic, excepting HMS1, which was monomorphic for allele variant E (according to the ISAG nomenclature) in the whole DON population. The number of alleles at the individual loci ranged from 8 (HMS1) to 21 (ASB17). Considering the entire data set, some alleles occurred with a high frequency in the DON (82%, locus ASB17, allele D) and PRZ populations (70%, locus ASB23, allele M) while seldom detected in the other breeds (<1%). The AR, the estimation of the number of alleles per locus independent of the sample size, revealed that the FRI presented the lowest number of alleles per locus (3.06), whereas the WPB exhibited the highest one (6.01). In terms of the Czech native breeds, the highest and lowest allelic richnesses were found in the CSP (5.91) and KLA (4.80), respectively. We observed the mean AR of 5.07 across the samples. Significant (p < .05) deviations of the Hardy-Weinberg equilibrium were observed in 40 (5.7%) of the 704 autosomal marker-population combinations, with at most five markers per population and seven populations per marker (HMS7). Twenty-two populations were in complete equilibrium for all the markers (Table 1) , and two markers (AHT4 and HTG10) showed agreement with the H-W proportions in all the populations analysed. Using a global test, two populations (the SF and DON) exhibited a significant deficit in heterozygotes (p < .05 after the Bonferroni correction), likely due to the small population size.
The Windows MICRO-CHECKER application revealed the probable presence of null alleles only in the DON populations. The null allele frequencies of the five loci were nevertheless very low; only HMS3, HMS6, HMS7 and ASB17 exhibited values higher than 0.2, with the Chakraborty approach. The results showed that no evidence for stuttering and large allele dropout was detected in any population. The Genepop-based LD analysis of the overall microsatellite marker combinations in each population revealed that 11 of the total of 5,984 combinations exhibited a significant LD, and six of these were related to the KLA population. Tests for the LD between all pairs of loci across all the populations, performed using FSTAT, found no significant genotypic disequilibrium (p > .05 for all after Bonferroni corrections).
The highest H O and PIC were observed for loci HMS3, HTG10, VHL20, ASB2, ASB17 and ASB23; the values reached approximately 80% in the data set of all individuals (Table S1 and Table S2 ). The most informative locus was ASB23, with the PE2 of 0.51, H O of 0.85, PIC of 0.82, and the lowest sib P ID of 0.38 (Table S3 ). In HMS1, we detected the lowest average PE2 (0.23), H O (0.62), and PIC (0.58); the highest sib P ID corresponded to 0.51. The lowest AR (3.06), CPE1 (99.5766%), CPE2 (93.1782%), CPE3 (99.9908%), H O (0.456), H E (0.456) and PIC (0.409), with the highest HW P ID (3.42 9 10 À9 ) and sib P ID (1.69 9 10 À4 ), were found in the FRI breed (Table 1) .
By contrast, the CAM breed had the highest CPE1 (99.9999%), CPE2 (99.9898%) and CPE3 (99.9999%), with the lowest HW P ID (1.04 9 10 À19 ); however, the WPB exhibited the highest AR (6.01), H E (0.775) and PIC (0.741), with the lowest sib P ID (9.27 9 10 À8 ). 
| Genetic differentiation and breed relationships
The Reynold's D R genetic distances and paired F ST values among the 44 populations are shown in Table S5 . In most cases, the D R showed the same pattern as the F ST . Przewalski's horse and donkey, the out-groups and the FRI population showed very high F ST values with all the tested populations. Given that all the three sets embody distinct species, it is not surprising that the couples DON-FRI (F ST = 0.433), FRI-PRZ (F ST = 0.374) and DON-PRZ (F ST = 0.307) are the most different from all the other breed combinations. However, in all the combinations within the group BAV-OLD-KWPN-CZW-SLW and the couples CZW-HAN, CZW-KIN, SLW-HAN, NOR-SNOR, WPB-CSP, and FUR-MOW, the rate of similarity was more prominent than in the other groups. Considering only the Czech native breeds, we determined the couple CMB-MOW to be the most distinct one (F ST = 0.124, D R = 0.131), while the combination CZW-KIN (F ST = 0.008, D R = 0.011) exhibited the highest similarity. Then, 930 values (98.31%) of the pairwise F ST index were statistically highly significant (p < .01); nine values (0.95%) were significant (p < .05); and seven values (0.74%) were non-significant (BAV-CZW, BAV-TRA, BAV-OLD, KWPN-OLD, KWPN-SF, BEL-SF and BEL-TRA).
We analysed the populations' relationships via a NeighborNet visualization of the Reynold's D R genetic distances. The NeighborNet dendrogram was designed from the complete multiloci data set (n = 9,289), where all the 44 populations were included (Figure 1) . The NeighborNet network clearly separated the cold-blooded draught horses (also including the FRI and HAF), hot/warm-blooded ones (also including the MER) and Nordic/pony horses. As expected, the FRI, DON and PRZ populations were isolated from the other breeds, and their low-diversity parameters correspond to the long terminal branches in the network. The network topology distinctly separates the donkey lineage and E. przewalskii from the domesticated horses. When excluding the DON population, the PRZ attached Nordic/pony horses in the neighbour-joining tree based on D R genetic distances ( Figure S1 ).
| Population structure and clustering
The complementary approach to the analysed populations' relationships is the Bayesian model-based clustering. The STRUCTURE analysis (Figure 2 ) was focused only on the eight Czech autochthonous populations (n = 710). The best value of K to fit the data was found to be four, because of the highest ΔK. The proportion of individuals assigned to each of the four clusters depending on the Q value were as follows (data not shown): The first cluster mainly consisted of the KLA, where 92.2% of the KLA individuals were assigned to the cluster. The second cluster contained 91.2% of the HUC. The third cluster was formed by 91.6% of the SNOR and 91.1% of the CMB. Four different populations, 94.6% of the MOW, 92.6% of the KIN, 88.8% of the CZW and 46.4% of the CSP, formed the fourth (and the most admixed) cluster. As we analysed the two subpopulations of the KLA together, the STRUCTURE analysis indicated the existence of two population substructures in this breed. When the number of clusters was fixed at 5-9, the KLA population was split into two subclusters with the estimated memberships of 0.461 and 0.473 at K = 9, which exactly corresponded to the population subdivision according to the grey and black coat colour varieties. We found a small level of gene flow and a large amount of genetic structure among the genetic resources. Assuming the same number of clusters and subpopulations (Table S6) , the cluster analysis showed that most of the genomes of the genetic resources grouped into a single cluster. The CZW, however, appeared to partially share four clusters with most of the CSP, KIN and MOW horses.
| DISCUSSION
The Czech autochthonous breeds (Table S7) including the gene reserves exhibited comparable heterozygosity values and allelic richnesses, similarly to the other domestic horses used in this study. From the genetic resources, the Hucul exhibited the highest heterozygosity values above the average, simultaneously indicating a low inbreeding level due to non-random mating and a large number of alleles. The mean observed heterozygosity and mean number of alleles per locus in the Czech Hucul (0.74/8.06) correspond to the results recently published by Kusza et al. (2013) for Hungarian, Slovak and Austrian Hucul horses (0.71/7.65) and by Mackowski et al. (2015) for the Polish Hucul (0.71/9.92). A study in the Romanian Hucul by Georgescu et al. (2008) yielded values slightly lower (0.66/ 6.58) than ours. Taking this fact into consideration, the values for the genetic diversity of the Czech Hucul are high and stable, indicating the success of the conservation programme. Results similar to those obtained within the present study were acquired by Janova et al. (2013) (Aberle et al., 2004; Janssens et al., 2010) ; however, the Noriker and Silesian Noriker draught horses examined in our study provided noticeably higher rates. The results showed that there was no evidence of a loss of genetic diversity in two endangered Czech draught horse breeds (the Czech-Moravian Belgian Horse and Silesian Noriker), which are now closed, with the use of other stallions not permitted. Other results for the Czech Sport Pony and Welsh Part Bred populations expressed the highest gene diversity due to the preferential existence of gene flows within breed groups such as race/riding horses and pony; here, the Welsh Part Bred has a minimum of 12.5% registered Welsh blood in their parentage, which may come from the sire, dame or both. The Czech Sport Pony, according to our data, embodies the most variable breed among the Czech native populations with respect to the AR (5.91) and H O (0.775). The least variable breed was found to be the Friesian. This is not surprising, considering the breed history, where several bottlenecks and inbreeding occurred in the past. Similar results for the Friesian breed were obtained previously (Leroy et al., 2009; Lu ıs et al., 2007; Van de Goor et al., 2011) . As for the out-group populations, E. przewalskii, which was recently intensely bottlenecked, shows especially severe losses in the mean number of alleles and in the level of heterozygosity, which are not similar to those of the domestic breeds (similar results were found by Aberle et al., 2004 and Leroy et al., 2009 ). The observed heterozygosity in E. asinus, averaged over the loci (0.53), was similar to the rates reported in Spanish (0.53-0.57) and Italian (0.56) domestic donkeys (Aranguren-M endez, Jordana, & Gomez, 2001; Vranova et al., 2011) .
Using the above-outlined 17 microsatellites, all populations except the Friesian (93.18%), Przewalski's horse (98.19%) and the Lipizzan (98.96%) exhibited the combined probability exclusion of the second parent higher than 99%. A similar result was obtained by Van de Goor et al. (2011) in the Friesian (93.05%). However, the CPE values are directly related to the number of loci analysed. This is in agreement with our results related to the mean values of CPE2 across all the tested populations, considering the use of the nine STRs (99.19%), 12 STRs (99.88%) and 17 STRs (99.99%) typing panels.
The overall F IS found within this research report was 1.8%, a rate somewhat similar to the value described by Leroy et al. (2009) for French horses (1.9%) but lower than the value detected by Van de Goor et al. (2011) for Dutch horses (3.8%). The levels of apparent breed differentiation were considerable; the average F ST values indicate that around 9.3% of the total genetic variation was explained by the breeds' differences, with the remaining 90.7% corresponding to the differences between individuals. The percentage is quite similar to other analyses, where the values ranged from 7.9% to 14.8% (Aberle et al., 2004; Bigi & Perrotta, 2012; Georgescu et al., 2008; Leroy et al., 2009; Marletta et al., 2006; Van de Goor et al., 2011) .
As expected, Przewalski's horse and donkey, the outgroups and Friesian breeds were the most distant populations with respect to the rest (Aberle et al., 2004; Kusza et al., 2013; Leroy et al., 2009; Lu ıs et al., 2007; Van de Goor et al., 2011) . The lower pairwise F ST value (0.008) estimates between the Czech Sport Pony and the Welsh Part Bred breeds suggest the occurrence of allele sharing mainly between the populations sampled in the Czech Republic. As a matter of fact, most stallions eligible for breeding within the Czech Sport Pony are registered in more than one stud book, and they are mostly members of the Welsh Part Bred. No clear distinction between the Czech and Slovak Warmbloods was found (F ST = 0.003), although they have separate stud books. This probably stems from the fact that some of the animals are registered in both stud books. Further, major similarities were discovered between the Czech Warmblood versus Oldenburg Horse, the Czech Warmblood versus Hanoverian and the Czech Warmblood versus Dutch Warmblood. Small and non-significant pairwise F ST values indicated a high level of gene flow and a lack of genetic structure between the Czech Warmblood and Bavarian Warmblood. Such a condition is a consequence of the high level of gene flow resulting from the recent permanent migration and high introgression of European Warmbloods; here, the world's top gene pool is used for the maximum performance. Currently, our results showed that the Moravian Warmblood is better differentiated and more distant from its Czech counterpart (F ST = 0.028) than the Kinsky Horse from Czech Warmblood (F ST = 0.008). The research confirmed a small pairwise F ST (0.006) between the Moravian Warmblood and Furioso. The results are consistent with the breed's documented history: the Moravian Warmblood's gene base still retained mainly the original genes of the old AustroHungarian tribes. Regarding the cold-blood populations, our study revealed close genetic proximity between the Silesian Noriker and Noriker (F ST = 0.005), confirming the fact that the Noriker breed had originally been used to form the Silesian Noriker. Thus, the present active breeding population has a certain proportion of genes from the original horse types. Conversely, the Czech-Moravian Belgian Horse scored higher distance values in relation to the two breeds (the CMB versus the SNOR: F ST = 0.062, the CMB versus the NOR: F ST = 0.055) and was well-differentiated. Vostr a-Vydrov a et al. (2016) demonstrated also a low pairwise F ST coefficient (0.006) between the Silesian Noriker and Noriker, using genealogical information.
According to the NeighborNet dendrogram, the investigated Czech cold-blood breeds showed connection with the Haflinger; the relationship agreed with those proposed incertain other studies, where the Haflinger was connected with Italian heavy draught (Bigi & Perrotta, 2012) and Dutch heavy draft horses (Van de Goor et al., 2011) . Similarly, to the present study, Leroy et al. (2009) and Van de Goor et al. (2011) observed an affinity of the Haflinger and Friesian. Despite these findings, the NeighborNet dendrogram applied in this article revealed some warm-blooded (the Friesian) and pony breeds (the Merens and Hafling) not classified in their groups according to the nomenclature. Similar results were obtained by Leroy et al. (2009) and Van de Goor et al. (2011) . However, we did not confirm the relationship of the Friesian with the pony breeds (Lu ıs et al., 2007) and the Camargue with the pony breeds (Leroy et al., 2009 ).
| CONCLUSION
The paper presents relevant findings to demonstrate the genetic variations, parentage parameters and relationships within and between breeds originating in the Czech Republic and other countries. It appears that, despite the historical bottlenecks and previous inbreeding, the Czech-Moravian Belgian Horse, Hucul, Old Kladruber Horse and Silesian Noriker did not suffer a serious loss of genetic diversity due to a genetic drift/low effective population size. The molecular variation of the Czech genetic resources is comparable to other horse breeds, and the current breeding policy does not compromise the genetic variation of the endangered populations, indicating the successful execution of the conservation programmes. Although we consider the diversity of the Czech genetic resources to be within the range of that seen in other analysed breeds, the diversity might decline in the future, especially as the populations are closed and managed in small numbers. We believe that further continuous monitoring of the STRs/SNP-specific markers could embody a reasonable process for observing the relevant genetic and historical heritage in the Czech Republic. The Czech populations, however, have not been studied to a large extent, and therefore, these comprehensive data are highly important to draw the essential outline for any appropriate conservation and sustainable management programme.
